INTRODUCTION
One of the major goals in neurobiology is to clarify the biochemical and biophysical mechanisms that underlie memory and learning. Use-dependent alterations in synaptic efficacy are central to most theories concerned with engram formation in the central nervous system. Among which, long-term potentiation (LTP) of synaptic transmission in the hippocampus (Bliss & L0mo, 1973) could represent the neural basis of some forms of memory while long-term depression (LTD) at parallel fibre-Purkinje cell synapses described by Ito and his group (see review by Ito, 1989) could be the cellular substratum to motor learning in the cerebellum.
If learning involves use-dependent changes in the strength of pre-existing synaptic connections among neurons, similar changes should occur in other regions of the central nervous system concerned by information storage. Long-lasting modifications of PSPs should also take place in the neocortex and more so in associative areas. However, neocortical plasticity was mostly studied in primary areas, visual (Artola & Singer, 1987; Fregnac, Shulz, Thorpe & Bienenstock, 1988;  Komatsu, Fujii, Maeda, Sakaguchi & Toyama, 1988;  Kimura, Nishigori, Shirokawa & Tsumoto, 1989; Berry, Teyler & Taizen, 1989) , sensorimotor (Baranyi & Szente, 1987; Bindman, Murphy & Pockett, 1988) or in frontal cortex (Sutor & Hablitz, 1989) .
Among the different associative areas in man the most important in relation to memory and learning are located in the prefrontal region of the cerebral hemispheres. For example, patients with frontal poles lesions exhibit deficits in tasks that require memory planning and temporal organization of behaviour (see Kolb, 1984 for a review). Recent studies in rodents suggest that the prefrontal region has an important role in temporal discrimination and in memory (Olton, 1989) . However, a comparative analysis of the frontal cortex in mammals other than primates is complicated by the issues surrounding the identification of homologous areas, and by the profound differences in sizes of the prefrontal cortex among different mammalian species. Similar considerations hold for comparative analysis of cognitive functions. Nevertheless, sufficient information is now available to suggest that the basic organization of the ventral part of the median frontal cortex of the rat (prelimbic cortex as defined by Krettek & Price, 1977; Vogt & Peters, 1981 ) is close to that of the prefrontal cortex of primates (Audinat, Hermel & Crepel, 1989;  Conde, Audinat, Maire-Lepoivre & Crepel, 1990) .
SYNAPTIC PLASTICITY IN PREFRONTAL CORTEX
In the present study, we used a slice preparation of rat prelimbic cortex to analyse the electrophysiological and pharmacological properties of the PSPs evoked in pyramidal cells of layer V by electrical stimulation of layer II. We also studied their long-term modifications following high-frequency stimulation of the same region. These experiments show that use-dependent alterations in synaptic efficacy result in LTD or LTP of the evoked PSPs.
METHODS

Slice preparation
Albino rats (Sprague-Dawley, 20-30 days old, 50-100 g) were killed by decapitation and the brain rapidly removed. A coronal slab (thickness: 4-5 mm) containing the frontal poles of cerebral hemispheres was cut free-hand and glued to a small Perspex block. The block was then immersed in the tank of a Vibroslice filled with cold artificial cerebrospinal fluid (ACSF) bubbled with 95 % 02, 5 % CO2. Slices (500 ,um thick) were incubated at room temperature in gassed ACSF for at least 2 h. One slice was then transferred to a submerged-type recording chamber perfused at a rate of 2 5 ml min-with ACSF maintained at 33 'C. The ionic composition of the ACSF was (mmol l-1):
NaCl, 124; KCI, 2; NaHCO3, 26; KH2PO4, P115; MgCl2, 2; CaCl2, 2; and glucose, 11; pH, 7-35 at 350C.
Drugs
In most experiments, the ACSF contained the GABAA antagonist bicuculline methiodide (0 5-1 #mol 1-1; Sigma) since it should, according to Artola & Singer (1987) , favour the emergence of LTP. In some experiments the N-methyl-D-aspartate (NMDA) receptor antagonist D,L-2-amino-5-phosphonovalerate (APV) or the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were added to the ACSF (APV, 30 ,mol 1-l; CNQX, 5 #mol 1-1; Tocris Neuramin).
Stimulating and recording electrodes Cells were impaled with KCl (3-8 M) or potassium acetate (4 M-potassium acetate, 6 mM-KCl-filled micropipettes; pH 7 2). These electrodes sometimes contained QX314 (50-100 mmol 1-l; Astra, Sweden). QX314 is a derivative of the local quaternary anaesthetic lidocaine derivatives (QX compounds). This drug suppresses fast and slow sodium currents and permits intracellular injection of large depolarizing currents without the occurrence of action potentials (Connors & Prince, 1984) .
Afferent inputs to layer V pyramidal cells were activated with monophasic pulses administered through a monopolar electrode. The tip of the electrode was thrust some 0-1-0-2 mm into layers I-II. The stimulator was a constant-voltage isolation unit (Digitimer) set for 10-30 ,us duration pulses, intensity ranged from 0-2 to 20 ,uA. Cathodal shocks were delivered at 0X1 Hz for at least 15 min to obtain baseline data. High-frequency stimulation was applied to the same electrode with the same pulse duration and intensity. The tetanic stimulation consisted of four, 1-2 s long trains (frequency, 50 or 100 Hz) applied every 10 s. Sequential testing of the input at 0X1 Hz was resumed immediately after the trains. Intracellular signals were fed to a high-input-impedance amplifier with built-in current injection and bridge balance facilities (Dagan 8100) and videotaped for later analysis. Resting membrane potential (Em) and input resistance (RM) were continuously monitored on a chart recorder; action potential threshold was tested by intracellularly injected outward current pulses.
Data processing
Data were digitized and analysed on a PC. AT, which allowed on-and off-line averaging of PSPs. Zilles (1985) ). These neurons were identified as pyramidal cells using criteria previously reported (Penit-Soria, Audinat & Crepel, 1987 Avoli, 1986; Jones & Baughman, 1988; Audinat et al. 1989 ).
An NMDA receptor-mediated synaptic component
The effect of CNQX on the EPSP was investigated in three other neurons recorded with potassium acetate, QX314-filled micropipettes. The cell depicted in Fig. 2A was recorded in the presence of 5 ,tmol 1-1 bicuculline and depolarized to an EM of -40 mV. Even at this potential, the response was entirely depolarizing, indicating the absence of an IPSP. Superfusion of CNQX greatly reduced the amplitude of the EPSP. The residual synaptically evoked depolarization was enhanced by increasing twofold the intensity of stimulation. As seen on the rightmost frame, this EPSP was blocked by APV.
In five cells superfused with bicuculline (1 #smol 1-1) the anomalous voltage dependence of the PSP measured after the peak suggested the involvement of an NMDA receptor. In the cell illustrated in Fig. 2B (potassium acetate-filled micropipette, 50 mmol -1', QX314 added to block inactivating and non-inactivating Na+ conductances) the amplitude of the PSP was measured at the peak and during the decay phase of the response while the membrane was current-clamped at different potentials. Plotting the PSP amplitudes against EM showed that the early part of the PSP increased in amplitude while the late part decreased upon hyperpolarization (Fig. 2 C) . In order to assess that the decrement of the late component of the PSP was not solely due to membrane rectification (Audinat et al. 1989) we also measured the variations of EM induced by an intracellularly injected hyperpolarizing current pulse (-0-36 nA). As seen in the graph, the slope of the later part of the PSP (@) was much steeper than that of the passive transmembrane potential changes induced by the inward current pulse (0). This result suggested closing of an active conductance upon hyperpolarization. The addition of APV (30 ,umol 1-1) reduced the amplitude of the evoked response (Fig. 2D ), a result reversed by wash-out. In the five tested cells, the latency of the APV-sensitive component of the PSP was identical to that of the control (Fig. 2E) . In some cells (not included in the present study), a late secondary response occurred that did not follow frequencies above 0-2 Hz and was APV sensitive. This slow EPSP was similar to that described in the frontal (Sutor & Hablitz, 1989 ) and the visual (Kimura et al. 1989) cortex.
Monosynaptic excitatory component of the PSP
In order to test if the evoked response contained a monosynaptic component, some experiments were performed in slices superfused with a high-Mg2+, low-Ca2' ACSF (n = 6). This modified bathing medium should produce a progressive blockade of synaptic transmission affecting first the poly-or disynaptic components of the response (Nichols & Purves, 1970; Berry & Penreath, 1976 
Short-term facilitation of the evoked PSPs
During each of the short trains of the tetanus, the EM depolarized some 20 mV (from -70 to -50 mV for the neuron illustrated in Fig. 4 ) and small PSPs were evoked by every stimulus in the train (Fig. 4B) . Tetanization was followed in most cases by a short-lasting (from 2 to 5 min) increase in PSP amplitude and RM (Fig. 4A: tetanus + 1 min). This neuron is one of the four cells that did not undergo any longterm changes. To show the stability of the latency, amplitude and shape of the PSP, the traces obtained in A before (left trace) and 40 min after the tetanus (right trace) were superimposed (C).
Long-term depression of the evoked PSPs
As mentioned above, LTD of the evoked PSP occurred in 50 % of the twenty-eight neurons tested with high-frequency trains. An example is shown in Fig. 5 . This cell was impaled with a KCl-filled pipette in bicuculline ACSF. PSPs amplitudes were measured for a 20 min control period before applying the tetanus and for 60 min after. The time course of the modifications (expressed in per cent of control) was plotted (Fig. 5A) . After the short-term facilitation had subsided, the PSP underwent a long-lasting decrease in amplitude (Fig. 5B ). There were no changes in the latency or time to peak of the PSP. In this neuron, the reduction of the PSP amplitude amounted to 40% of the control 20 min after the tetanus and remained stable thereafter. Similar measurements carried out for the other thirteen neurons yielded a mean decrease of 265 +14%. Long-term potenttiation of the evoked PSPs LTP of the evoked PSP was induced in ten neurons (eight of them in bicuculline ACSF). The neuron illustrated in Fig. 6 was recorded in bicuculline ACSF (KCl-filled micropipette). The graph shows the time course of the modifications (Fig. 6A) . The robust short-term facilitation was followed by a long-term increase in PSP amplitude (Fig. 6B) . Note that the latency of control and potentiated PSP is the same (the faint trace superimposed with the PSP recorded at tetanus + 90 min is again the control). In this cell, the increase in PSP amplitude amounted to 25 % of the control. The mean increase for the ten neurons was 26+ 14%.
In the two potentiated cells recorded in bicuculline-free ACSF, the membrane was current-clamped at different depolarizing potentials to assess which component of increased in amplitude. In this neuron, the IPSP which followed the EPSP was probably responsible for the small increase (17% of the control) of the PSP peak amplitude measured at resting EM. The reversal potentials of the EPSP and of the IPSP were identical before and after induction of LTP (reversal potential of the IPSP was -55 mV and extrapolated zero potential of the EPSP was -23 mV before and -22 mV after potentiation). This was taken as evidence that the ionic conductances had not been modified by the changes in synaptic efficacy.
Evidence for alterations in monosynaptic excitatory input
Additional evidence for the involvement of a monosynaptic EPSP in these longterm modifications was obtained for 70 % (n = 7) of the potentiated cells and 64% (n = 9) of the depressed cells. In these cells, the rising slopes of the control and the B CPU J. C. HIRSCH AND F. CREPEL altered PSP were clearly separated from the onset (see for example the superimposed traces 1 and 2 in Figs 8 and 9D ). In the other cells, the latencies of the control and modified response were the same but the change in the rising slope of the enhanced or depressed component was delayed (range 0-8-3 modified EPSP involved a monosynaptic component, a high-Mg2+, low-Ca2+ ACSF was applied to five cells after induction of either LTP (n = 3) or LTD (n = 2). Figure  8 is an example of a neuron having shown LTP and for which the digital subtraction of the PSPs (B; difference: trace 2-trace 1) recorded after the tetanus (A; trace 1) minus control (A; trace 2) indicated a 27 % increase in the peak amplitude of the evoked PSP. Note that the latency and time course of the potentiated component of the PSP were similar to those of the residual PSP recorded in high Mg2+, low Ca2+. In Fig. 8D , the three PSPs recorded during control (trace 1), after LTP was established (trace 2) and in high-Mg2+ ACSF (trace 3) are superimposed in order to show that, although the latency is the same for the three PSPs, their rising slopes are clearly separated. This result suggested that the long-lasting enhancement of the evoked PSP involved a monosynaptic excitatory component. A similar test was carried out in three cells in which LTD had been induced (experimental protocols as in Fig. 8 ). The data from one neuron are illustrated in Fig. 9 . Examples of the PSPs recorded before and 30 min after the tetanus are 42 SYNAPTIC PLASTICITY IN PREFRONTAL CORTEX displayed (Fig. 9A) . The depressed component of the PSP (B; difference: trace 1-trace 2) was revealed by the digital subtraction of the two traces in A. Its latency and time course were comparable to those of the PSP recorded in high-Mg2+, lowCa2+ ACSF (C). The Mg2+ (trace 3) had the same latency as those recorded before (trace 1) and after LTD occurred (trace 2). Furthermore, the rising slopes of the EPSPs recorded in high Mg2+ and after induction of LTD are distinct. This implies that the monosynaptic EPSP participated in the long-lasting depression of the synaptic input.
DISCUSSION
The present study shows that high-frequency stimulation of layer II of the prelimbic cortex of the rat produced long-term modifications in the efficacy of excitatory transmission in pyramidal cells from layer V of the same cortical region.
Afferent pathways to layer V pyramidal cells
Little data are at present available about the intrinsic connectivity of the prelimbic cortex. However, it is agreed upon that its main organization is similar to that of other cortical regions, except that it is an agranular cortex (Vogt & Peters, 1981) . Ultrastructural studies of the rat neocortex provide evidence that pyramidal cells in layer V receive excitatory and inhibitory synaptic inputs from a variety of sources.
Among the excitatory inputs, stimulation of layers I-II can activate two sets of neural elements, both establishing axo-dendritic and axo-spinous asymmetrical J. C. HIRSCH AND F. CREPEL contacts on layer V pyramidal cells (Peters, 1987) : (1) the afferent cortico-cortical fibres which bifurcate in layers I or II and contact the terminals of the apical dendrites of pyramidal cells (Szentagothai, 1978 (Szentagothai, , 1979 ; (2) (Szentagothai, 1979) . These neurons give a multitude of convergent inhibitory synapses to every pyramidal cell body (Szentagothai, 1978 (Szentagothai, , 1979 . At all events, any class of inhibitory neurons provides at best a disynaptic input to pyramidal cells since all the afferents arising from the white matter or from the cortico-cortical axons are excitatory (Peters, 1987) . Indeed, in the prelimbic cortex (Audinat et al. 1989 and the present study) as in other neocortical regions, the IPSP always followed the EPSP (McCormick et al. 1985; Avoli, 1986; Thomson, 1986; Connors et al. 1988; Jones & Baughman, 1988) .
Evidence for a monosynaptic EPSP
The PSPs evoked at threshold intensity had the following features: (1) the latency was stable; (2) (Watkins & Evans, 1981) and CNQX (Honore, Davies, Drejer, Fletcher, Jacobsen, Lodge & Nielsen, 1988) respectively and their voltage dependence when physiological concentrations of Mg2+ are present (Nowak et al. 1984; Mayer & Westbrook, 1985) . Previous studies have shown that neocortical neurons possess NMDA receptors that can be blocked by APV (Thomson, 1986; Artola & Singer, 1987; Jones & Baughman, 1988; Kimura et al. 1989; Sutor & Hablitz, 1989 (Jones & Baughan, 1988) and in the CAI region of the hippocampus (Davies & Collingridge, 1989; Andreasen, Lambert & Jensen, 1989) but differ from those reported in other neocortical regions. These studies showed that the postsynaptic NMDA receptors were either selectively activated through a polysynaptic pathway (Thomson, 1986) or that the NMDA receptors were located on presynaptic neurons (Sutor & Hablitz, 1989 (1) Both depression and potentiation of the PSPs were localized to synaptic regions. This was suggested by the absence of generalized effects on the whole postsynaptic neuron: apart from the membrane depolarization that accompanied the tetanus and the small increase in RM which occurred during the short-term facilitation, the electroresponsiveness of the cell was not modified (EM, RM) . This is congruent with other observations during LTP in the hippocampus (Barrionuevo, Kelso, Johnston & Brown, 1986) and the neocortex . (2) (Stanton & Sejnowski, 1989) and homosynaptic depressions (Bradler & Barrioneuvo, 1989a, b) are reported. In the prelimbic cortex, tetanic stimulation induced LTD of the PSP in fourteen out of the twenty-eight tetanized cells. Depression of the monosynaptic EPSP occurred in 64 % of these fourteen cells. The emergence of LTD was independent of the stimulus frequency (50 or 100 Hz) and of the efficacy of the inhibitory input. These features seem specific to the prelimbic cortex. For example, in the visual cortex, LTD of field potentials was triggered by frequencies below 25 Hz or above 200 Hz (Berry et al. 1989 ) while in the sensorimotor cortex 
